Over 90% of the population are infected with varicella zoster virus (VZV) but only some develop shinglescaused when the virus reactivates from latency, and only some shingles patients develop post-herpetic neuralgia (PHN), defined as pain continuing for more than about 4 months. Epstein Barr virus (EBV) similarly infects over 90% of the population; some of those infected during teenage or young adult years develop infectious mononucleosis (IM). The reason for these disparities between numbers infected and numbers affected by illness is unknown, but presumably reflects host factor(s). Our previous results showed that apolipoprotein E (APOE) genotype determines susceptibility to, or outcome of, infection in the case of several diseases of known infectious cause. Therefore, we investigated APOE genotypes of shingles, PHN, and IM patients. Our rationale for the previous studies and for investigating VZV was that these micro-organisms use for cell binding and entry the same sites in the cell surface as does the protein apoE, and that consequently, competition with apoE could affect the pathogen's extent of entry and hence extent of the damage caused. The APOE genotypes of shingles and PHN sufferers, and of IM sufferers were determined using restriction fragment length polymorphism. In females, e4 homozygosity confers a risk of shingles and also of IM, and the APOE-e4 allele is protective against PHN whereas APOE-e3 allele is a risk. Our results showing that a host genetic factor influences the development of shingles and PHN in females have clinical significance: they could lead to identification of those (female) patients at greater risk of PHN, thus enabling these people to be targeted for treatment with the most effective drugs.
Introduction
The outcome of infection with most pathogens varies, from asymptomatic effects to severe disease. For example, infection with varicella zoster virus (VZV) occurs in 90% of the population, usually in childhood, and presents as chicken pox in the majority. The virus then remains latent in the sensory ganglia but can reactivate, causing shingles in some people. Furthermore, about 20% of shingles sufferers develop post-herpetic neuralgia (PHN) -pain that persists for Z120 days after the rash.
Epstein-Barr virus (EBV) infects B90% of the adult population too. In developed countries, primary infection occurs usually during adolescence or young adulthood and in 50% or more of such people, it causes infectious mononucleosis (IM). In contrast, in undeveloped countries, infection occurs usually in infancy and is normally asymptomatic.
The reasons for the differences in outcome of infection are largely unknown, but genetic factors presumably play a major role. We have found that polymorphisms in the gene encoding the protein apolipoprotein E (APOE) determine the consequences of infection with several diverse pathogens. This gene has three major alleles, APOE-e2, e3 and e4, which correspond to three main protein isoforms, apoE2, 3, and 4. The protein is a multipurpose molecule with roles in lipid transport, tissue repair and the immune system. 1 We have identified a new function for apoE -control of pathogens. First, the APOEe4 and the APOE-e2 alleles are, respectively, risk factors for herpes labialis and herpes simplex encephalitis, diseases caused by herpes simplex virus type 1 (HSV1). 2 -4 Second, the APOE-e4 allele is strongly protective against hepatitis C virus-induced liver damage, 5 and the APOE-e2e2 genotype is associated with earlier infection with the malaria parasite. 6 Also, we have discovered that a derivative of apoE has anti-infective properties. 7 These findings all stem from our initial discovery that APOE-e4 and HSV1 (in brain) together confer a strong risk of Alzheimer's disease.
2,3
The common factor linking apoE and these pathogens is their usage of the same molecules to attach to and/or to enter cells, namely, heparan sulphate proteoglycans (HSPG) and members of the low-density lipoprotein receptor (LDLR) family, respectively. ApoE might control infection by competing with the pathogen for binding to these molecules. 2 If the extent of binding is isoformspecific, APOE will determine extent of competition, and hence of entry of the pathogen into cells and its subsequent spread, damage and disease. Dependence of binding affinities of the apoE isoforms on cell type could result in a specific allele protecting in one disease but conferring a risk in another. VZV too attaches to HSPG, 8 before binding to its specific receptor, insulin-degrading enzyme; 9 thus APOE genotype might govern the outcome of infection with this virus. EBV, in contrast, uses neither HSPG nor the LDLR family, suggesting that its effects will not depend on APOE. Here, we describe our investigation of APOE polymorphism in disorders caused by these viruses. 19 -61) were recruited by advertising; they comprised mainly students and staff of the University of Manchester. All were selected by the criterion that they had at one time suffered from IM, which had been diagnosed by their general practitioner (GP). Informed consent was obtained in writing from each subject, under ethical approval from the Manchester Local Research Ethics Committee.
Methods

Patients
The control population comprised 238 volunteers (101 males, 132 females; mean age 37 years, and five of unspecified sex) from the University and from two local hospitals, as described previously. 10 Among the University volunteer subjects, cold sore sufferers had been specifically sought in a previous study, 3 and thus the proportion of sufferers was high and therefore non-representative of the general population. To compensate, the proportion of subjects with cold sores in the hospital survey, which was representative of the general population, was used to calculate appropriate genotype and allele frequencies for the University volunteers. The frequencies for the combined University plus hospital groups were then calculated on a weighted basis.
DNA preparation and APOE genotyping
For the shingles cases, DNA was prepared from serum using the Nucleospin tissue preparation kit (Abgene, Epsom, UK) according to manufacturers' instructions. Briefly, serum was subjected to proteinase K digestion and ethanol precipitation followed by binding to a column, washing and then elution. For the IM sufferers, DNA was prepared from blood using the Nucleon BACC1 kit (Tepnel, Manchester, UK) according to manufacturers' instructions. Briefly, the white blood cells were isolated, their DNA extracted via cell lysis and then cleaned using sodium perchlorate, chloroform and Nucleon s resin, before ethanol precipitation and resuspension in sterile distilled water.
APOE genotyping was preformed using the method of Wenham et al 11 but using Hotstartaq s (Qiagen, Crawley, UK) and agarose gel electrophoresis.
Statistical methods APOE allele and genotype frequencies are reported with their group percentages. Allele frequencies were compared using the Fisher exact and w 2 tests as appropriate. The risk associated with the presence of a particular APOE allele was estimated for each disease using odds ratios (with their 95% confidence limits). Statistical significance was set at the conventional 5% level for all analyses.
Results
We determined APOE genotypes and allele frequencies of PHN and shingles sufferers who did not develop PHN ( Table 1 ). The main statistically significant difference between these groups is an increased APOE-e3 allele frequency in the PHN sufferers, suggesting that this allele is a risk for this disease. Consistently, APOE-e3 homozygotes are more numerous in this group. Another statistically significant difference is a lower APOE-e2e3 frequency in the subjects with PHN, suggesting that this genotype is protective against the disease and that possession of one e2 allele is sufficient to counter the harmful effects of an APOE-e3 allele. Again consistently, the APOE-e2 allele frequency is higher in the non-PHN than in the PHN sufferers, particularly in females, although neither difference reaches significance. Such heterozygote effects are difficult to explain, but in any case, caution should be taken when drawing conclusions from this result, as the number of APOE-e2e3 possessors is very small. Further interesting findings are revealed after the PHN and non-PHN groups are segregated by gender. First, the APOE-e3 allele and APOE-e3e3 genotype frequencies in female PHN sufferers are statistically significantly higher than in female non-sufferers. Second, female PHN sufferers have a lower APOE-e4 frequency than non-sufferers. (APOE-e4e4 is lower for female PHN sufferers and this yields a P-value of o0.05 but the difference is not significant as the 95% CI includes unity.) Third, for males there is no significant effect of APOE genotype or allele frequency between PHN and non-PHN groups. Thus, these data suggest that APOE-e3 confers a risk of PHN in females, APOE-e4 offers protection from PHN in females, and the effects seen in the whole group are due to those in females alone. The main purpose of this study was to examine differences in APOE polymorphism between PHN sufferers and non-sufferers; however, as all of these subjects had suffered from shingles we combined these two groups to ascertain information on the distribution of APOE alleles in sufferers from shingles. As this study specifically sought PHN sufferers, these subjects are overrepresented in our cohort. Published values estimate the proportion of PHN in shingles sufferers to be around 20%. 12, 13 We used this percentage to adjust our values so that a more representative shingles group could be obtained. Specifically, the values for PHN allele (or genotype) frequency were multiplied by 0.2 and added to the values for non-PHN allele (or genotype) frequency multiplied by 0.8. The modified allele and genotype frequencies are shown in Table 2 . Comparing these modified frequencies with those of our control population (Table 3 ) reveals that the APOE-e4e4 frequency is significantly higher for shingles sufferers, suggesting that this genotype is a risk for the disorder, and separation by gender shows that the association is present in females but not in males. It should be noted, however, that the proportion of APOE-e4 homozygotes in the population is small (approx 2% 14 ) and thus e4 on its own could not account for the incidence of shingles, that is, other factors must play a role also. In any case, as the number of APOEe4e4 possessors is low here, a study with larger numbers of shingles patients, and with controls more closely age-matched, would be needed to allow a firm conclusion. There are no associations of allele frequency for any group. We investigated also APOE genotype and allele frequencies in sufferers of IM (Table 4 ). This disease is caused by EBV infection in adolescence, so the appropriate control group would consist of those infected in adolescence who did not develop IM, but this group would be extremely difficult to obtain. We therefore compared the APOE values of the IM sufferers with our control population ( Table 3) . No statistically significant differences were found between the two groups as a whole but division by gender shows a higher APOE-e4e4 frequency in females with IM. However, the number of sufferers are too small to draw firm conclusions.
Our data (summarised in Table 5 ) thus suggest first that the effects of APOE on VZV are due to those in femalesthough modulated in some cases by a null effect in males; second, for females, APOE-e4e4 may be a risk for shingles and also for IM; third, for females, e3 is a risk for PHN whereas e4 is protective. However, we stress that the number of people we studied are mostly low, and so these data need to be extended by examining larger numbers. Discussion APOE modulates the outcome of infection with several pathogens. 2,4 -6 The common feature linking these agents is their use of the same molecules in the cell surface for binding and/or entry as those used by apoE. We have hypothesised that different apoE isoforms might differ in respect to binding/entry and thus differentially compete with the infectious agents in these processes, the differences depending on the cell type. This would lead to greater pathogen spread and damage, and hence greater disease, in individuals who possess the less competitive isoforms. Our current study has explored this further by investigating the effects of APOE polymorphism on the consequences of infection with two other viruses, VZV and EBV. Our main finding is that in female PHN sufferers, the APOE-e3 allele is a risk while e4 is protective. There are several possible mechanisms to account for this result. First, there could be competition of apoE with VZV. Interestingly, Winkler et al 15 have shown with cultures of human skin fibroblasts that apoE isoforms differ in their ability to bind HSPG in the order apoE44apoE34apoE2.
This type of effect could account for our PHN results in that in APOE-e4 carriers, apoE would be more competitive and thus would better prevent entry of VZV. A second possibility relates to the likely involvement of the immune system in PHN; this was proposed because it is uncertain whether or not the virus persists during the disease. 16 On this basis, the role of apoE in the immune system could provide an alternative explanation. This APOE suppresses proliferation and activation of T cells and the extent of suppression would depend on the concentration of apoE in plasma. APOE-e4 carriers have the lowest concentration, 1 so their immune cell proliferation and activation would be less than that of carriers of the other alleles. Therefore if PHN is immune cell-mediated, APOE-e4 carriers, with a lesser proliferation of T cells, are less likely to develop PHN; however, APOE-e2 carriers, with the highest plasma level, would have reduced clearance of VZV and greater occurrence of PHN -and neither is the case. A third possible mechanism involves nitric oxide (NO): NO inhibits the immune system cells that control viral infection, including VZV infection. 17 As the different apoE isoforms differentially stimulate release of NO in the order Table 4 APOE genotype (a) and allele (b) frequencies of the infectious mononucleosis sufferers apoE34apoE2bapoE4, 18 this could explain why e4 is protective and e3 is a risk for PHN. Our results also show that the risk of shingles is conferred by homozygosity for APOE-e4. This is seemingly paradoxical in view of the protective effect of the APOE-e4 allele in PHN; however, our data show that shingles can also occur in those without an APOE-e4 allele and presumably it is these people who would be susceptible to PHN whereas those with an e4 allele would be protected. Mechanistically, the risk of shingles conferred by homozygosity for APOE-e4 might be explained by a competition effect. Competition effects could account for the APOE-e4 links in shingles as well as PHN since previous studies have shown that binding of the apoE isoforms is cell-type dependent, 19, 20 and the types differ between PHN and shingles, the former involving nerve cells whereas the latter involves skin.
The APOE effect we have found in PHN is genderdependent but the reason is unknown. We revealed another example of this dependence when we re-analysed our data on liver damage caused by hepatitis C virus:
5 the protective effect of APOE-e4 we had found is much greater for males than for females. No other studies have been published on gender effects of APOE in infectious diseases, but they have been shown in certain other types of disease such as some cancers, 21 and have generally (and vaguely) been attributed to sex hormones. This might be the case in infectious diseases too. Alternatively, APOE's role in the immune system (in which there are known gender effects) might be involved. Another possibility relevant to the entry of apoE (in the form of lipoproteins) into cells is that lipoprotein levels in serum might be gender-dependent. 22 Very few studies apart from ours (see Table 5 ) have been made on APOE polymorphisms and infectious diseases, irrespective of gender. The sole previous investigation of shingles and PHN 23 detected no differences in APOE allele frequencies from those of controls, 24 but full data on alleles, genotypes and gender were not given, so only a partial comparison can be made with our results. Their e4 frequencies were similar for PHN and non-PHN (14 and 15% respectively), whereas their e2 frequencies were higher for PHN than for non-PHN (9 and 3% respectively), but the difference was not statistically significant; also, their overall shingles values did not differ significantly from those of their controls. The differences between the study by Pirttilä et al 23 and ours might reflect the known differences between APOE frequencies of Finns and other Northern European population, the Finns having higher e4 and lower e2 allele frequencies. Also Pirtillä et al 23 used a phenotyping method that is particularly prone to errors. 25 As to involvement of APOE in occurrence of chickenpox, the very high prevalence -over 80% -of VZV infection in children (due to its transmissibility via the respiratory route, unlike other herpesviruses), makes any involvement unlikely, and this was indeed shown to be the case in a preliminary study of a cohort of several hundred children (The Avon Longitudinal Study of Parents and Children (ALSPAC)) (R Wynn-Jones and RF Itzhaki, unpublished data). The study also suggests that the first episode of cold sores, caused by the equally common herpesvirus, HSV1, occurs at an older age than does chicken pox, but in APOEe4 carriers it occurs at a younger age than in those with the other alleles (and also that APOE-e2 may be protective). This difference between the effects of HSV1 and VZV is explainable, as the former is less infectious, and the age of primary infection with this virus is rising with rising socioeconomic level.
In conclusion, our results showing that a host genetic factor influences the development of PHN (and suggesting that this is an effect solely in females), is significant not only at the fundamental level of virus -host interaction, but also clinically: if the results were substantiated in a larger study, they could lead to identification of those (female) patients at greater risk of PHN, thus enabling these people -the numbers of whom are likely to increase with increasing longevity -to be targeted for treatment with the most effective drugs.
